ABSTRACT In this paper, we investigate the design problem of the feedback controller for singular T-S fuzzy Markov jump system considering the influence of uncertainties, time-delay, and signal quantization. A sufficient condition is obtained to guarantee the closed-loop system not only stochastically admissible but also dissipative. Subsequently, the dissipative quantized controller is designed by solving the linear matrix inequalities (LMIs), which takes into consideration the nonrepresentational energy, storage function, and supply rate for the disturbance weaken and gives a unified framework that can include the existing results for passivity and H ∞ controllers as special cases for the considered system. Finally, numerical examples have illustrated the effectiveness of the proposed method.
I. INTRODUCTION
The Takagi-Sugeno (T-S) fuzzy models can approximate complex nonlinear systems by a finite number of local linear subsystems inside different operating regions by if-then rules. So the conventional linear system theory can be utilized to analyze and synthesize of such nonlinear systems. Numerous interesting studies have been conducted on the control problem of T-S fuzzy systems [1] - [3] . A new fuzzy dynamic output feedback control scheme for T-S fuzzy systems with time-varying input delay and output constraints has been developed [3] .
Singular systems can provide convenient representations of a large number of practical dynamics. As a result, such systems have extensive applications [4] , [5] . The investigation on singular systems is much more complex than standard state-space systems [6] - [8] . Markov jump systems are special stochastic hybrid systems, which provide an effective way to describing physical dynamics with random abrupt changes [9] - [11] . These changes can be due, such as, to sensor or actuator failure or repairs, to abrupt external disturbances, to the switching between economic scenarios, etc [12] - [14] .
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When nonlinear systems experience abrupt variations in their structures, it is natural to model them as singular T-S fuzzy Markov jump systems (STSFMJS), which have been a subject of great practical importance. Therefore, it is needed to develop this kind of model that take into account these type events and to develop control systems capable of maintaining an acceptable behavior even in the presence of abrupt changes in the nonlinear system dynamics [15] , [16] . The problem of non-fragile static output feedback control was investigated in [17] for STSFMJS subject to time-delay and actuator saturation. The non-fragile finite-time filtering problem is studied in [18] for a class of nonlinear Markov jump systems with time delays and uncertainties.
Quantification and time-delay are always inherent to all dynamical systems. Even for linear systems, this problem has been an active area of research for many years [4] , [5] , [19] , [20] . Unfortunately, only a few works considered the STSFMJS with Time-delay and quantification. Therefore, it's significant to investigate this type of problem. In particular, to improve the performance of the system, the dissipative controller is designed in many articles [3] , [13] , [16] . However, to the best of our knowledge, this idea has not been used to uncertain STSFMJS with time-delay and quantification, which stimulate the interest of this study.
Motivated by the above statement and analysis, this article addresses the dissipative feedback controller designing problem for STSFMJS with uncertainty, time-delay and signal quantization. Firstly, based on the Lyapunov stability theory, a novel criterion is given to guarantee the stochastic admissibility and dissipative performance for the considered system. Then, the dissipative quantized controller is designed, which takes into consideration the nonrepresentational energy, storage function, and supply rate for the disturbance weaken and gives a unified framework that can include existing results for passivity and H ∞ controllers as special cases for considered system. Finally, two examples on the inverted pendulum and truck-trailer are utilized to demonstrate the efficacy of the controller design scheme. Contributions from this paper are as follows
• A class of more general systems are investigated, where we take time-varying delay, uncertainties, quantization, outside disturbance, Markov switching phenomena into consideration at the same time.
• We concerned with dissipative controller rather than H ∞ controller, which makes the control problem more overall.
• The input data be quantized before being transmitted to actuator. The logarithmic quantizer with less error is utilized to model. Notations: ( , F, P (η t )) probability space, is the sample space, F is the σ -algebra of and P (η t ) be the probability measure on F. R n denote the n-dimensional Euclidean space, respectively. R m×n is the set of m × n real matrices. The expression S > 0 means that S is positive definite; S T and S −1 denote, respectively, the transpose and the inverse of any square matrix S. diag {· · · } is a block-diagonal matrix. For asymmetric matrix * denotes the matrix entries implied by symmetry.
II. PROBLEM DESCRIPTION
Fix a probability space ( , F, P (η t )), and consider a class of nonlinear singular Markovian jump systems (SMJSs), which can be described by the following fuzzy model. Plant rule: If
where r is the number of If-Then rules, ij (i ∈ , j = 1, 2, . . . , l) are fuzzy sets,ε 1 (t),ε 2 (t), . . . ,ε l (t) are premise variables. x (t) ∈ R n is the state vector, d (t) is a time-varying differentiable function which satisfies
z (t) ∈ R m is the controlled output. ω (t) ∈ R ι is the disturbance which belongs to L ι 2 [0, ∞), and satisfies
is the control input, and φ (t) is a compatible vector valued initial function.
{η t , t ≥ 0} is a continuous-time Markovian process with right continuous trajectories taking values in a finite set given by S = {1, 2, . . . , N } with the transition rates matrix (TRM) = π pq given by
= 0, and π pq ≥ 0, for q = p, is the transition rate from mode p to q at time t + h, which satisfies π pp = − N q=1,q =p π pq , for all p ∈ S. E ∈ R n with rankE = r ≤ n, and
For notional simplicity, in the sequel, for each possible 
By fuzzy blending, the overall fuzzy model is inferred as follows
where
is the membership function of the system with respect to the i th pant rule.
Definition 1 [21]:
1) The singular Markov jump system
is said to be regular and impulse free for any time delay d (t), if pairs E, A p E, A p + A dp are regular and impulse free for all p ∈ S. 2) the singular Markov jump system (3) is said to be stochastically stable, if there exists a scalar M > 0 such that
3) the singular Markov jump system (3) is said to be stochastically admissible, if it is regular, impulse free and stochastically stable. Definition 2 [22] : The system (2) is said to be strictly (Q,S,R)-dissipative, if for any T ≥ 0 and some scalar α > 0, under zero initial state, the following condition is satisfied:
where J (ω, z, T ) = z, Qz T + 2 z, Sω T + ω, Rω T , and Q, S, R are real matrices of appropriate dimensions with Q and R symmetric. Lemma 1 [23] :
, and let Q be a nonsingular matrix. U ∈ R (n−r)×n with rank (U ) = n − r and ∈ R n×(n−r) with rank ( ) = n − r satisfy UE = 0 and E = 0, respectively. Then, the inverse of matrix ME +U T Q T is given as follows
whereM =M T andQ is still invertible and the following equalities hold
Lemma 2 [24] : For a matrix Z > 0 and a x in [t − d, t] → R n , the following inequality holds:
Lemma 3 [25] : For a matrix R > 0 and a differentiable signal x in [α, β] → R n ,the following inequality holds:
Lemma 4 [26] : For a given matrix M > 0, given scalars a and b satisfying a < b, the following inequality holds
Lemma 5 [4] : Given matrices X , Y , Z , with appropriate dimensions and Y is symmetric positive definite, then the following inequality holds:
Remark 1:
The Lemma 2 can be rewritten as following
The Jensen inequality and Lemma 3 are included in the inequality proposed in Lemma 2. It's obvious that Lemma 2 presents a wonderful method to reduce the gap in the integral inequality.
III. MAIN RESULTS

A. STABILITY ANALYSIS
Theorem 1: For prescribed scalars d > 0, 0 < µ < 1, the system (2) is stochastically admissible and dissipative, if there exist symmetric positive definite matrices P 0 , Q 1 , Q 2 , Q 3 , Q 4 , symmetric matrices M p , nonsingular matrices N p , VOLUME 7, 2019 such that for every p ∈ S the following inequality holds:
and U are the matrices satisfying E = 0, UE = 0, E L ∈ R n×r and E R ∈ R n×r are of full column rank and satisfy E = E L E T R . Proof: First, we show the regularity and impulse free of the STSFMJSs (2). We choose two nonsingular matrices M and N such that
From (5), Pre-and post multiplying 11ip < 0 by N T and N , we have P T p4 A ip14 + A T ip14 P p4 < 0, which means A ip14 is nonsingular.
So the pair E,Ā ip is regular and impulse free. From inequality (5), we can get 
So the pair Ē ,Ā ip +Ā dip is regular and impulse free, and the closed-loop system (2) is regular and impulse free.
Next, We show the stochastic stability of system (2). Choose the following Lyapunov functional:
For the terms
by utilizing lemma 2 3 4, we have
For system with ω (t) = 0, we obtain
Then, we can get
where min
By Dynkin's formula, it is obvious that
which means that
Thus, stochastic stability follows immediately.
From the inequality (5), we can obtain the following relation
When ip < 0, in zero initial condition, integrating the aforementioned inequality between 0 and T, we have
For all ω (t) ∈ L 2 [0, T ] and all T ≥ 0. Therefore, by using Definition 1 and 2, system (2) with u(t) = 0 is stochastically admissible and strictly (Q, S, R) -dissipative.
With this, we have proved the theorem. Remark 2: Theorem 1 provides the criterion that can guarantee the stability and dissipative performance for the STSFMJS. From the Definition 2, the dissipation takes into consideration the nonrepresentational energy, storage function, and supply rate for the disturbance weaken and gives a unified framework that can include existing results for passivity and H ∞ as special cases for systems. Then, Theorem 2 will develop the controller design problem.
B. MODE-DEPENDENT FUZZY CONTROL DESIGN WITH QUANTIZED
We consider the following mode-dependent fuzzy feedback control law:
where K ip ∈ R m×n are the control gain matrices to be determined. In this paper, the quantize between controller and the actuator is considered as following
where q (·) is logarithmic quantize, which are defined as
For each q r (α), r ∈ {1, · · · , m}, the associated set of quantization level is expressed as
r is the initial quantization values for the r th subquantize q r (α), and ρ r is the quantize density of the r th subquantize q r (α). In this paper, the characterization of quantize is given by
Remark 3:
Although the uniform quantizer is simple in form, it is relatively large compared to the error caused by the logarithmic quantizer to the signal transmission, as shown in Figure 1 . Therefore, the controller will be designed for the logarithmic quantizer in this paper.
It follows from [27] that a sector bound expression can expressed as q (α) = (I + ) α, So the logarithmic quantizes q (·) can expressed as
Then, the quantized state feedback can expressed as
Then using (6), substituting (5) into (4), for η t = p ∈ S, yields the following closed-loop system
wherē
Theorem 2: For prescribed scalars d > 0, 0 < µ < 1, the system (1) is stochastically admissible and dissipative, if there exist symmetric positive definite matrices P 0 , Q 1 , Q 2 , Q 3 , Q 4 , symmetric matricesM p , nonsingular matricesN p , such that for every i ∈ S the following inequalities hold: 
and U are the matrices satisfying E = 0, UE = 0, E L ∈ R n×r and E R ∈ R n×r are of full column rank and satisfy E = E L E T R . Then, the control gain matrices in (7) are given by
Then we can obtain that
= E 5 E 6 0 0 0 E 7 0 0 0 , then pre-and post-multiply the inequality by
and its transpose, Applying Schur complement,
= E T RM P E R > 0, the inequalities in (4) and (9) are equivalent according to Lemma 1. This completes the proof of the theorem. Remark 4: By the same method introduced in Theorem 1 and 2, the H ∞ and passive controllers for STSFMJS can be readily gained. Moreover, the idea behind VOLUME 7, 2019 FIGURE 2. The model of the cart and inverted pendulum.
this paper also could be employed to deal with the dissipative controller design problem for T-S fuzzy systems, Markov jump systems, and singular time-delay systems.
IV. EXAMPLES
Example 1: In this section, the effectiveness of our method will be demonstrated by a design example. It is worth noting that STSFMJS can describe a wider range of practical dynamics and is more wide utilized than state systems, for example the model of cart and inverted pendulum shown in Fig. 2 as the following differential and algebraic constraint [28] .
where α (t) denotes the angular position (/rad) deviated from the equilibrium position (vertical axis) of the pendulum; s (t) is the displacement of the cart; s x (t) and s y (t) represent the horizontal and vertical displacements of the pendulum; J = 0.004963kg · m 2 is the moment of inertia; g(gravity acceleration) = 9.8 m/s2; M(mass) of the cart=1.3282 kg; m(mass) of the pole=0.22 kg; L is the distance from the center of the mass (m) of the pole to the cart=0.304 m; f 1 and f 2 represent the interaction forces between cart and pendulum; u (t) is the external force acting on the cart.
Defining the state variable x(t) to
then the nonlinear singular model can be obtained, Eq. as shown at the bottom of this page. Subject to the digital limits and energy consumption, data may be quantized before being transmitted. Considering the effect of quantization, the above system can be easily approximated as linear subsystem by employing T-S fuzzy model approach as follows Plant rule 1: And membership function are Now, we assume that d (t) = 0.5031 sin (0.5t) + 0.5031, the disturbance ω (t) = 0.05 sin (0.25t) e −2t , and the initial conditions are x (0) = 0.5 0.1 0.078 0.5 0.1258
In the following, we provide some simulation results. Figure 3-4 show the plots of the closed-loop system state response and input. This signifies a design which is quite robust to uncertainties.
Example 2: Consider the following truck-trailer model with time-delay, which is shown in Fig.5 [29] .
In this paper, δ ∈ [0, 1] is used to describe that the loss effectiveness of actuator, and we assume that δ = 1 and δ = 0.5, which imply the two mode of actuator failure with the following transition probability
It is easy to see that λ 1 (χ) ≈ 0, λ 2 (χ ) ≈ 1 when χ = ±π, and λ 1 (χ ) = 1, λ 2 (χ ) = 0 when χ = 0. Then the trucktrailer model can be represented by the following T-S fuzzy system Plant rule 1: IF χ is 0, THEN ẋ (t) = A 1 (r t ) x (t) + A d1 (r t ) x (t − d) + B 1 (r t ) u (t), y (t) = C 1 (r t ) x (t), Plant rule 1: IF χ is ±π , THEN basis of control law. These results show that the quantized controller meets the requirement.
V. CONCLUSION
This paper has investigated the problem of dissipative feedback control for singular T-S fuzzy Markov jump system with uncertainties, time-delay and quantification. A sufficient condition has been obtained, which guarantees that the closed-loop system is not only stochastically admissible but also dissipative. Furthermore, the feedback controller can be obtained by solving the LMIs. Finally, the effectiveness of the obtained theory has been verified by examples related to the inverted pendulum and truck-trailer.
There are also many interesting problems worth for further investigating in future, such as how to extend the proposed control scheme for Markov jump systems with fractional uncertainties [30] , [31] . Another significant topic is to study the sliding mode control for delayed Markov jump system [32] , [33] .
